Purpose: Temporal order abilities decrease with age. Declining temporal processing abilities may influence the identification of rapid vowel sequences. Identification patterns for asynchronous vowel pairs were explored across the life span. Method: Young, middle-aged, and older listeners completed temporal order tasks for pairs of 70-ms and 40-ms vowel stimuli. For a given vowel duration, naturally spoken vowels were equated for duration, intensity, and fundamental frequency. Listeners completed monaural and dichotic temporal order tasks that involved identifying the vowel pair in the correct order. The stimulus onset asynchrony that yielded 50% accuracy for identifying the vowel pair in the correct order was used to equate performance among listeners. Vowel identification response patterns were determined at this stimulus onset asynchrony threshold.
T emporal onset asynchrony is one cue that listeners use to identify vowel pairs (Hedrick & Madix, 2009) . As expected, older listeners perform significantly poorer (i.e., require larger delays between the onsets of stimuli) than do young listeners on vowel temporal order and temporal masking tasks Humes, Kewley-Port, Fogerty, & Kinney, 2010) . It is presently not known whether listeners across the life span make the same types of vowel identification errors during these temporal processing tasks. This is significant, as it may be that older listeners make different identification errors in addition to being slower at processing rapidly presented concurrent speech sounds that occur during talker segregation. Therefore, in the present investigation, we explored whether listeners from different age groups identify vowel pairs differently when performance is compared at each individual's temporal order threshold that is equated for overall accuracy. It may be that in addition to delays in temporal order processing, older listeners also have qualitative differences in vowel identification during rapid and concurrent presentations.
The present article is an analysis of several tasks of temporal order vowel identification previously reported by Fogerty and colleagues (2010) . Although the previous study focused on temporal processing differences, the analyses presented here investigate vowel identification patterns with a larger group of listeners, this time including middle-aged adults. This study represents an initial investigation of age effects on asynchronous vowel identification. The effect of monaural versus dichotic modes of presentation, vowel duration, and exposure to the vowel stimuli were also investigated. Our temporal order tasks measured the smallest temporal difference between the onsets of vowels that preserved the identification of vowel pairs. The smallest temporal difference between vowel onsets at which a listener could identify the vowel sequence with 50% accuracy was defined as a listener's threshold. Performance for identifying different vowel pairs at each listener's temporal order threshold was compared for three different age groups. Thus, this method controlled for individual differences in temporal processing and directly assessed vowel identification patterns for asynchronous vowel pairs.
The concurrent vowel paradigm has been used as a restricted case for the investigation of processes underlying an individual listener's ability to segregate multiple concurrent talkers (see Assmann, 1995 Assmann, , 1996 Assmann & Summerfield, 1990; Hedrick & Madix, 2009 ). Fundamental frequency (F 0 ) is one cue that allows individuals to successfully segregate concurrent vowels (Summerfield & Assmann, 1991) . However, segregation becomes much more difficult when the F 0 between the two vowels is the same. Temporal asynchrony between the onset of vowels can also be used as a possible segregation cue (Hedrick & Madix, 2009 ).
The identity of the individual vowels also affects performance because certain vowel combinations are more difficult than others . Vowel dominance means that one vowel is more distinctly perceived than the other vowel in the concurrent pair. Vowel dominance effects are strong, particularly when both vowels have the same F 0 and the same intensity (Arehart, Rossi-Katz, & Swensson-Prustman, 2005 ; de Cheveigné, Kawahara, Tsuzaki, & Aikawa, 1997) . In addition, it has been demonstrated that certain vowel pairs yield much poorer identification than do other vowel pairs (e.g., Hedrick & Madix, 2009 ).
Although significant work has been conducted for synchronous presentations, few studies have investigated identification patterns of rapidly presented asynchronous vowels, quite arguably the more ecological case. Summerfield and Assmann (1989) investigated the effect of repetition priming on the identification of concurrently presented vowel pairs. One of the vowels in the concurrent pair was presented as a 1-s precursor before presentation of the vowel pair in what Hedrick and Madix (2009) called a "pseudo-asynchronous onset experiment." Only ipsilateral presentation of the precursor-not contralateral priming-facilitated identification, thus suggesting against cognitive, categorizationbased identification approaches. Results suggested that vowel comparison processes are based on bottom-up, peripheral mechanisms. The monaural and dichotic vowelpair presentations in the present study continue to investigate this possibility. Summerfield, Culling, and Fourcin (1992) demonstrated in a masking paradigm that temporal onset asynchronies can result in some degree of masking release for vowels overlapping in time. Lentz and Marsh (2006) also demonstrated improved identification performance when one vowel of a pair temporally preceded the second overlapping vowel. Thus, temporal offsets between asynchronous vowels provide important cues for segregation and identification. Hedrick and Madix (2009) examined vowel identification patterns for seven vowel pairs constructed from the synthetic vowels /i, ae, a, u, ɝ/. Vowels were processed to contain the same F 0 and intensity, but differed in temporal onset. Their results demonstrated improved vowel-pair identification for increased temporal asynchronies for five of the seven vowel pairs investigated. However, only some of the vowels were investigated in first and second position within the pair, and these different orderings always occurred with different co-occurring vowels (e.g., /u-i/ and /ɝ-u/). Therefore, the generalization of the results to all identification patterns is difficult.
The vowels used in temporal order studies reported by Fogerty et al. (2010) and Humes et al. (2010) were spoken by the same talker and had the same F 0 , duration, and mean root-mean-square (RMS) intensity. Therefore, maximal vowel dominance patterns would be expected under such conditions (i.e., maximal difference between dominant and nondominant vowel accuracy). Hedrick and Madix (2009) used temporal onset differences as a way of studying these vowel dominance patterns. Under such conditions, temporal onset cues are likely the primary vowel segregation cue. At an F 0 of 100 Hzthe value used in our experiments-pitch-period misalignment and harmonic misalignment cues that can occur should not affect performance, according to Summerfield and Assmann (1991) . The temporal order tasks used in these experiments provide a way of comparing the vowel dominance patterns between listeners where performance has been equated to specific threshold levels. It has been observed that auditory temporal processing abilities decline with age (e.g., GordonSalant & Fitzgibbons, 1999; Humes et al., 2010) . However, whereas age-related declines in using F 0 as a segregation cue have been documented (Arehart, Souza, Muralimanohar, & Miller, 2011; Snyder & Alain, 2005; Vongpaisal & Pichora-Fuller, 2007) , the present study is an investigation into age-specific vowel identification patterns using temporal asynchrony as the vowel segregation cue. This study documents the extent to which vowel identification patterns change across the life span in relation to temporal processing abilities.
In the present investigation, we examined the effects of age on auditory processing of short vowel sequences. In Experiment 1, we investigated the effects of age on asynchronous vowel-pair identification. In addition, interaction between the two vowels may be very different when the two vowels are monaurally presented to the same ear versus when vowels are split between the two ears during dichotic presentation. These dual presentations can help determine how the vowel pairs are processed at more peripheral versus more central levels of processing. Vowel dominance and vowel ordering within the pair were also examined. In Experiment 2, we investigated how vowel duration and increased exposure to the vowel stimuli affect identification performance. Temporal order performance improves, particularly during dichotic presentations, for shorter vowels and increased stimulus exposure . Therefore, in the second experiment, we investigated whether these changes result from improved temporal processing or altered vowel identification patterns. (Folstein, Folstein, & McHugh, 1975) . Further selection criteria required that maximum hearing thresholds for airconducted pure tones did not exceed the following limits in at least one ear: 40 dB HL (American National Standards Institute, 2004) at 0.25 kHz, 0.5 kHz, and 1 kHz; 50 dB HL at 2 kHz; 65 dB HL at 4 kHz; and 80 dB HL at 6 and 8 kHz. It was also required that there be no evidence of middle-ear pathology (air-bone gaps < 10 dB and normal tympanograms). Table 1 lists the average audiometric thresholds for these three listener groups. Listeners completed experimental testing without the use of hearing aids. All test procedures were approved by the Institutional Review Board of Indiana University.
Stimuli
Stimuli consisted of four vowels /a, ɛ, I, ʊ/ recorded from a male talker rapidly saying the words pot, pet, pit, put in a carrier phrase. The words were digitally edited to remove all voiceless sounds, leaving only the voiced pitch periods. Because these are naturally produced vowels, some information about the neighboring consonants likely remained. Vowel stimuli were modified in STRAIGHT, a speech analysis and synthesis program (Kawahara, Masuda-Kastuse, & de Cheveigné, 1999) , to be 70 ms long and have a constant F 0 at 100 Hz. These experimental stimuli were then low-pass filtered at 1800 Hz to reduce effects of high-frequency hearing loss and were RMS normalized. Vowels retained inherent spectral changes characteristic of natural productions. Reduction of vowel length may have reduced the salience of these vowels; however, all listeners identified these vowels in isolation with at least 90% accuracy. Pilot studies indicated that a presentation level of 83 dB SPL resulted in the best vowel identification performance in isolation for older listeners. Individual vowels were presented at this level with 16-bit resolution at a sampling frequency of 48828 Hz via ER-3A insert earphones in a sound-attenuating booth using Tucker-Davis Technologies System III hardware. Each insert earphone was calibrated in a 2-cc coupler using a Larson Davis Model 2800 sound-level meter with linear weighting. Output levels were checked electrically at the beginning of each data collection session and were verified acoustically on a monthly basis.
Design and Procedure
All listeners completed monaural and dichotic vowel-pair testing. Listeners were familiarized with the individual 70-ms vowels, but they had limited exposure to the vowel pairs. All listeners completed monaural testing prior to beginning dichotic testing on a separate testing day.
The monaural task presented stimuli in rapid sequence to the test ear (usually the right ear). The dichotic task randomly assigned the first vowel in the pair to be presented to the right or left ear, with the second vowel presented to the opposite ear. Figure 1 displays a schematic of these two tasks using the 70-ms vowels. Note that the vowels were allowed to temporally overlap each other, but not occur in synchrony. Both tasks had minimum stimulus onset asynchrony (SOA) values of 2 ms. All tasks were preceded by familiarization tasks (20) 51 (21) with feedback. Listeners used a touch screen monitor to respond by pressing large buttons labeled POT, PET, PIT, PUT, corresponding to the vowels /a, ɛ, I, ʊ/ that they heard presented on a given trial. Listeners were required to identify both vowels in the pair in the correct order in which they were presented. All vowel-pair combinations were tested without repeating a vowel within the pair (i.e., six vowel pairs in two orders = 12 vowel pairs tested).
Psychometric SOA thresholds were obtained using the method of constant stimuli. Because of the large variability among listeners, testing was completed using a two-step procedure for all experimental tasks. First, a wide-range test block provided an initial estimate of an individual's SOA threshold. Fixed parameters over a wide SOA range were used: six SOA steps (25-ms step size) spanning 10-135 ms and 45-170 ms for monaural and dichotic tasks, respectively. Second, a set of three narrow-range test blocks provided a more precise measure of each individual's SOA threshold. Variable parameters for narrow-range testing were estimated from each individual's wide-range block such that the initial narrow-range SOA was 30 ms (for monaural testing) or 45 ms (for dichotic testing) less than the SOA threshold estimated from the wide-range block. Six SOA steps were again tested. Listeners completed these three blocks using a small step size (10 ms or 15 ms) with a range centered at the SOA threshold estimated from the wide-range block. Each of the three narrow-range blocks were completed over the same SOA range, and individual block threshold estimates were required to be within the tested SOA range, or the block was rerun with new test parameters. Each test block consisted of 72 trials for monaural testing or 144 trials for dichotic testing. Twice as many trials were used for the dichotic presentation due to testing all vowel pairs for each ear, resulting in twice as many trials (e.g., the vowel pair /a-ɛ / was tested, with /a / presented to the right ear and /ɛ / presented to the left ear, and, on a separate trial, with /a/ presented to the left ear and /ɛ/ presented to the right ear). The different ear presentation for a single vowel pair was pooled in all analyses presented here. SOA thresholds when both vowels in the pair were correct were calculated at 50% using a single psychometric function ( Weibull) fit to the pooled data over all three of an individual's narrow-range blocks.
Due to the large variability among listeners, it was not appropriate to compare performance at each of the SOA values tested. Instead, participant accuracy for identifying vowels was calculated at the tested SOA nearest to each individual's SOA threshold. This nearest SOA, on average, was within 2 ms (SD = 8 ms) of the individual's actual 50% SOA threshold obtained from the psychometric function. Therefore, vowel-pair identification performance was equated across all listeners. Fogerty and colleagues (2010) previously investigated task differences for these threshold estimates for a smaller subset of only young and older listeners at an earlier stage of the project. The focus of the present investigation was on vowel identification patterns. However, median threshold values for this group of listeners are provided in Table 2 , as identification patterns pertain to these SOA values. Dichotic testing resulted in much greater thresholds than monaural presentations, with the two vowels rarely overlapping in time for any listener.
Results
Data were obtained for the SOA that approximated 50% correct identification of both vowels in the pair. We subjected these data to two different analyses reported here. First, we calculated the accuracy of each individual vowel in the pair, regardless of the accuracy of the second vowel. Second, we calculated the accuracy of identifying the aggregate vowel pair-that is, instances in which both vowels in the pair were correct.
Individual Vowel Accuracy
We examined identification accuracy for each of the four individual vowels. Each individual vowel occurred in three different vowel pairs and was presented in both sequence positions, either occurring first or second. Individual vowel accuracy for the first and second vowel in the sequence was calculated separately by averaging across the three vowel pairs. Figure 2 displays these individual vowel performance levels. An analysis Figure 1 . Schematic of the two experimental tasks. Temporal differences between stimulus onsets on the x-axis represent average performance for the young listeners. Note. SOA = stimulus onset asynchrony.
of variance (ANOVA) investigating task, vowel, and order (i.e., sequence position), with age group as a between-subjects variable, demonstrated significant main effects of all variables ( p < .01). Group differences were fewer than 3 percentage points, with the younger adults performing significantly poorer than the older adults. As this average performance level was targeted at 50% using the psychophysical procedures described above, group differences in overall accuracy do not appear to be particularly meaningful. A Group × Vowel Order interaction occurred, F(2, 271) = 12.0, p < .01, only for the monaural presentation.
Post hoc paired-samples t tests for the effects of vowel for a given sequence position in Figure 2 demonstrated better performance for monaural /I / and dichotic vowels /a, I, ʊ/ when presented second in the vowel sequence ( Bonferroni-adjusted p < .05). Identification of monaural /ɛ / and /ʊ/ were best when presented first ( Bonferroni-adjusted p < .05). In general, this pattern held for all age groups, except that young listeners identified monaural /ɛ/ better when it occurred second in the pair. Although the difference between vowel accuracy in first and second position was overall the same between young and older listeners (except for /ɛ / mentioned above), group differences in the level of performance were observed. Compared with the young listeners, older listeners identified /a / and /ɛ / better when presented first and identified /I / better when presented second, whereas the young listeners identified /I / better than the older listeners when presented first and identified /ɛ / better when presented second ( Bonferroniadjusted p < .05). Middle-aged listeners' performance fell between these two groups. Age groups performed differently on the dichotic task for /I / only when presented second, with the older listeners performing better than the young listeners, t(182) = 4.6, p < .05. Paired t tests demonstrated that the rank ordering of dominant vowels that were identified more accurately regardless of presentation order was /a/ > /ʊ/ > /I / > /ɛ/ for monaural listening and /a, ʊ/ > /ɛ/ > /I / for dichotic presentation ( p < .001).
In summary, the general pattern of individual vowel identification was similar across age groups. However, the performance level of each vowel on the monaural task varied between the age groups according to the order in which the vowel was presented, particularly for /ɛ/. Dichotic presentations resulted in little variation across the age groups.
Individual vowel accuracy was dependent on the vowel with which it was paired, which can be observed in Figure 3 . This figure shows the individual vowel accuracy for the 24 vowel pairs presented, averaged for all listeners ( bars) and for each age group (open symbols). During monaural and dichotic presentations, vowel dominance patterns remained consistent across groups. Dominant vowels were those that were identified most accurately in the vowel pair. For the vowels tested here, /a/ was the dominant vowel for all monaural pairs and most dichotic pairs, regardless of order or age. However, certain vowels were the dominant vowel only in certain contexts. For example, /ɛ/ was identified more accurately than /I / but only when presented second in the sequence ( p < .001). Although Arehart et al. (2005) tested a different subset of vowel pairs, they also found /a/ to be a dominant vowel in most double-vowel contexts (second only to /i/, which was not tested here). Dominance patterns for dichotic vowel pairs, although significant, were much less robust and not always consistently present across vowel order. For example, /a/ was more dominant than /ʊ/, but its dominance was order-dependent with /ɛ/.
Aggregate Vowel-Pair Results
In the previous section, we reported on the accuracy of individual vowels within each vowel pair; however, certain pairs of vowels also may be easier to identify Figure 2 . Individual vowel accuracy as proportion correct at the SOA threshold for when the vowel was presented first (V1) or second (V2) in the temporal sequence. Average data from all listener groups (bars) and individual age group performance (see symbols in boxed legend) are displayed.
than others. Therefore, we also examined the identification accuracy of both vowels in the vowel pair as an aggregate response. We conducted a mixed-model ANOVA across test, vowel order, and vowel pair, with age group as the between-subjects variable. Significant main effects were found for vowel pair, F(5, 1355) = 41.6, p < .001, and age group, F(2, 271) = 4.2, p < .05. We also observed interactions of the vowel order with all other variables ( p < .05). Contrasts for vowel-pair identification and vowel order within the pair are described below.
Vowel pairs. The above results demonstrated significant differences among the six different vowel pairs tested. The proportion of responses that listeners identified both vowels correctly in the vowel pair were averaged across age and order and are displayed as bars in Figure 4 . Symbols indicate average performance for each of the three age groups. Even though overall accuracy was equated at 50% using psychophysical procedures, certain vowel pairs were apparently identified with greater accuracy in certain listening conditions. Interestingly, dichotic identification was better than monaural identification for the first three vowel pairs, with the opposite being true for the last three vowel pairs listed along the abscissa of Figure 4 . All three age groups followed the same average trend across vowel 
Average data from all listener groups (bars) and individual age group performance (see symbols in boxed legend) are displayed. Darker shaded bars indicate the vowel in the pair that is more dominant across all tested vowel pairs.
pairs. Paired t tests between the two test presentation modes demonstrated significant differences for four of the six vowel pairs ( p < .01), all except /a-ʊ/ and /ʊ-I /. The vowel pairs /a-I / and /ɛ-I / resulted in better monaural performance, whereas /a-ɛ/ and /ɛ-ʊ/ were identified better in dichotic presentations. Note that vowel pairs that resulted in better monaural performance included the vowel /I /.
We observed a large range in identification accuracy across vowel pairs, particularly during monaural presentation. For example, the largest difference was a 24-percentage-point difference between /a-ɛ/ and /ɛ-I / during monaural presentations. For dichotic presentations, the largest difference between vowel pairs occurred between /a-ɛ/ and /ɛ-ʊ/, resulting in an 11-percentagepoint difference. These differences between vowel-pair accuracy resulted even though overall performance was equated at 50%. Recall that greater dominance patterns were observed for monaural presentations, which may explain the larger difference between identification accuracy of different vowel pairs in the monaural conditions compared with that of different vowel pairs in the dichotic conditions. Of the six vowel pairs presented in two different orders during two different presentation modes (a total of 24 conditions), only one significant difference occurred between age groups. Older adults performed better than young adults for the dichotic /a-I / pair, t(182) = 3.9, p < .001. Therefore, vowel-pair identification remained consistent across age.
Vowel order. The initial ANOVA conducted across the different conditions demonstrated that the order of the vowels affected the identification accuracy of different vowel pairs. Thus, certain vowel orders facilitated identification of both vowels. Plotted in Figure 5 is the difference in identification accuracy between the two vowel orders of the pair for each of the six possible vowel pairs. Larger proportions indicate larger differences between vowel orders. Positive differences indicate better performance for the vowel order listed along the abscissa, whereas negative differences indicate that the reverse order was identified more accurately. Note that there are large effects of order, particularly for the monaural task in which seven difference scores exceeded 30 percentage points. Recall that, for most listeners, the dichotic task actually did not present temporally overlapping vowels. This was because listeners were unable to identify dichotic vowel pairs accurately at shorter SOA values. In contrast, most listeners were able to identify monaural vowel pairs with large temporal overlaps, possibly resulting in the larger order effects. For monaural listening, median SOA values indicate that young listeners required less than 20 ms of separation (È50 ms of vowel overlap), and older listeners, with a median SOA of about 50 ms, still had about 20 ms of stimulus overlap. Therefore, in these monaural conditions, it is highly likely that listeners used the beginning of the first vowel and the end of the second vowel to identify the vowel pairs. Certain vowels, such as /ʊ/ and /ɛ/, may be identified best by the initial portion of the vowel, whereas /I /, which is identified best in the second position, may be identified primarily by cues at the end of the vowel. These differences between the vowels, combined with the vowel dominance patterns observed in Figure 3 , may help explain the large order effects observed here for aggregate responses to the entire vowel pair.
Overall, we observed larger order differences with increases in age, particularly for monaural presentations (although, see /ʊ-ɛ /). Independent-samples t tests demonstrated that older adults had significantly greater order effects than did young adults for monaural /ɛ-a/, /a-I /, /ʊ-I /, and /ɛ-I / pairs and dichotic /a-I / and /ɛ-I / pairs ( Bonferroni-adjusted p < .05). Differences between young and middle-aged listeners occurred only for monaural /ɛ-a/, /ɛ-I / and dichotic /ɛ-I / ( Bonferroniadjusted p < .05). No significant differences were observed between middle-aged and older adults. These results indicate that vowel order affects identification performance more for middle-aged and older listeners than for young listeners. This result is somewhat surprising for three reasons. First, no differences between age groups were observed for individual vowel accuracy. Second, listener performance across the three age groups was equated at 50% accuracy. Thus, all listeners identified these vowel pairs at equal overall performance levels. Third, as older listeners required longer SOAs, possibly due to slower general processing, the vowel pairs for the older listeners actually had less temporal overlap than for either of the other two age groups. However, in spite of these conditions, older listeners were influenced more by the order of the vowels presented. Therefore, in addition to slower temporal processing, it appears that older listeners may have more confusion between the vowels and may require less temporal overlap (i.e., greater temporal separation) to segregate vowel acoustic cues. Vowel confusion patterns are explored below.
Monaural Vowel Confusions
Thus far, the identification accuracy of certain vowels and vowel pairs has been investigated. Also of interest is the pattern of errors made by the listeners in this study. Table 3 displays the vowel pair most often confused with each target vowel pair across all listeners. The proportion of errors in which this confused vowel pair was selected is reported for each group of listeners. Larger proportions indicate greater agreement between listeners for the selected pair. Frequent vowel-pair confusions most often involved confusions between /ɛ/ and /I /. The exceptions to this involved /a-ʊ/ and /ʊ-a /, where /ʊ/ was most often confused with /I /, and /ɛ-ʊ/, where /ɛ/ was confused with /a/. These exceptions were the least frequent errors made. Table 4 displays the proportion of responses for which different individual vowels were confused. The most common errors for all age groups involved confusing /ɛ/ and /I /.
Discussion
In the present study, we investigated the identification of rapidly presented asynchronous vowel pairs during monaural and dichotic presentations. Temporal order vowel identification data were previously collected by Fogerty and colleagues (2010) and were reanalyzed in this study with the addition of a larger group of participants, including middle-aged listeners. Although Fogerty et al.'s study focused on temporal order thresholds, detailed analysis of vowel identification patterns was presented here. Vowels were modified to have the same duration and F 0 . Therefore, the primary segregation cue involved temporal onset differences between the two vowels. Vowel temporal order identification performance was significantly different between the three age groups investigated in this study. Older listeners required longer delays between the onsets of the vowels to accurately identify and order the vowels in the pair. The observed poorer performance of the older listeners could have resulted from different identification patterns of vowels presented in rapid sequence in addition to declines in temporal processing. In the present study, vowel identification patterns were analyzed across the life span for asynchronous vowel pairs when temporal order performance was equated at 50% correct identification. Thus, differences in temporal processing performance across all vowels pairs were controlled. Results demonstrated that all listeners across the life span had very similar vowel identification patterns, particularly for dichotic presentations. However, older listeners did appear to be more susceptible to the order in which vowels were presented, most noticeably during monaural presentation.
Vowel Acoustic Analysis
In an attempt to explain the pattern of vowel confusions and vowel order effects, an acoustic analysis was conducted on the four 70-ms vowels used during testing. Figure 6 displays F1 and F2 frequency trajectories for each vowel pair using the young monaural SOA threshold. Recall that these naturally produced stimuli were low-pass filtered at 1800 Hz. Formant values were calculated at 6-ms intervals across the duration of the vowel using formant tracking in Pratt (Boersma & Weenink, 2010) with manual correction.
The primary results of vowel confusions demonstrated that /I / and /ɛ / were highly confusable. This may have been due, in part, to highly similar F2 formant trajectories. /ʊ/ was also most often confused with /I /, likely related to the highly overlapping F1 formants. Effects of vowel order also demonstrated that /ʊ/ and /ɛ / were identified best by the initial portion of the vowel, whereas /I / was identified best by the second half of the vowel. F1 for /ɛ/ and F2 for /ʊ/ were maximally dissimilar from other vowels during the initial portion of the vowel, whereas F2 formant frequencies for /ɛ/, /ʊ/, and /a / all begin to converge at the end of the vowel. Indeed, /I / appears to be most dissimilar at the end of the vowel. Older listeners had larger order effects, particularly when /I / occurred second in the sequence, during which it had less formant overlap with the other vowels. Older listeners may rely more heavily on these spectral differences. Therefore, in addition to requiring more temporal asynchrony, older listeners also require more spectral separation between formant frequencies of the vowels within the pair, which affects their performance patterns. Differences between the initial formant values of the first vowel and the final formant values of the second vowel were greater-for at least one formant-for the vowel order that was identified the best for all vowel pairs except /ɛ-a /. For this vowel pair, young and older listeners differed as to the order that was identified best. Formant frequency differences predicted the order identified best by young listeners: /a-ɛ/. Perhaps middle-aged and older listeners used a different cue than did young listeners for this vowel pair, such as competing F2 slope at the end of the vowel (e.g., see /ɛ-a/ in Figure 6 ). It appears that F1 and F2 formant trajectories can account-at least, in part-for the vowel identification patterns observed in this study.
Recall that vowel stimuli were all low-pass filtered at 1800 Hz to reduce the influence of audiometric threshold differences between the age groups. Thus, the full speech spectrum was not available, and this may have altered response patterns. However, vowel stimuli were specifically selected to ensure full representation of F1 and F2, which are the most significant contributors to vowel identity (e.g., Peterson & Barney, 1952) , particularly for the four vowels selected here for study. Indeed, listeners were screened to ensure that vowels were identified correctly with 90% accuracy in isolation. Thus, it appears that the primary cues to vowel identity have been preserved with the low-pass filtering used. Therefore, it is expected that full-spectrum vowel stimuli would also result in similar identification patterns.
Also of note are the highly dynamic formant trajectories that are apparent from the vowel-pair plots provided in Figure 6 . This is in contrast to the more typical synthesized, steady-state vowels that characterize most concurrent vowel studies. Had a more neutral / hVd / context been used, instead of the /pVt / context used here, more stationary vowel formants may have been obtained. Such stationary formants may have obscured several of the differences noted here, as formant dynamics appear to have resulted in different identification among the vowel pairs and may be responsible for vowel order effects. Given the highly dynamic nature of natural speech, the vowel pair and order effects observed here are likely to be more representative of rapid vowel identification under naturalistic contexts.
Monaural Versus Dichotic Performance
Significant differences were noted, most clearly for aggregate vowel-pair responses, between monaural and dichotic modes of presentation. It is interesting to note that vowel pairs including the highly confused vowel /I / were more accurate during monaural presentations (see Figure 4) . This may indicate that monaural processing of vowel pairs may facilitate comparison between the two vowels. Indeed, Summerfield and Assmann (1989) found that vowel repetition priming in the same ear facilitated vowel-pair identification but not when the vowel prime was presented to the opposite ear. These results, combined with the significantly longer SOA thresholds in the dichotic task, indicate that rapid vowels may be compared during early processing stages prior to hemispheric integration and comparison of the auditory stimuli. Indeed, a primary difference between monaural and dichotic modes of presentation is the presence of peripheral interactions, including masking, in the monaural case. This may also help explain why vowel dominance patterns were more robust during monaural presentations.
Overall, there was large agreement among the different age groups. The most differentiating measure of vowel-pair identification between the age groups was the effect of vowel order. Fogerty et al. (2010) demonstrated that older listeners are able to improve temporal order performance for these vowel pairs following extensive exposure to the vowel stimuli in other temporal processing tasks. In Experiment 2, we examined a larger set of these data to determine whether older adults improved performance across vowel order. In addition, as vowel formant dynamics appear to underlie some of the vowel identification patterns observed here, vowel duration may also impact performance between groups. It is well known that older adults are typically at a disadvantage with shorter stimulus durations (e.g., GordonSalant & Fitzgibbons, 1999) . In Experiment 2, we more fully explored these issues of vowel duration and stimulus exposure to asynchronous vowel identification performance across the life span.
Experiment 2: Effect of Vowel Duration and Exposure
Experiment 2 was designed to investigate the effect of vowel duration and exposure to the vowel stimuli on vowel identification performance. Fogerty et al. (2010) recently demonstrated that listeners can better identify the order of vowels during faster presentations when the vowel duration is reduced, specifically for dichotic presentations. Greater familiarity with the vowel stimuli also improved temporal order thresholds. Therefore, in Experiment 2, we investigated whether these improvements altered vowel identification patterns or whether temporal order improvements resulted from temporal processing improvements that were uniform across the vowel sequences tested.
Method
Subsets of the three listener groups recruited during later stages of testing from Experiment 1 completed additional testing. This testing included 35 young, 55 middleaged, and 56 older adult listeners. Testing included 40-ms vowels and a retest of the 70-ms vowels after listeners had considerable exposure (>10 hr) to the vowel stimuli in other vowel temporal processing tasks not reported here (see Humes et al., 2010) . Comparison between the test and retest conditions investigated changes in vowelpair identification due to this exposure, as listeners have been shown to improve temporal order performance for these stimuli . All procedures remained identical to those used in Experiment 1. SOA threshold values are provided in Table 5 for this subset of listeners on the monaural and dichotic tasks from Experiment 1 and the 40-ms and 70-ms retest versions from Experiment 2. Data for a subset of the young and older listeners were previously reported by Fogerty et al. (2010) . Shorter SOAs were measured in all groups at retest with about 10-ms improvement observed, on average.
Results and Discussion
We conducted paired t tests between the initial testing from Experiment 1 and the two subsequent tasks (i.e., either shorter or retest stimuli) for individual vowel accuracy in each sequence position. Results demonstrated that poorer performance was obtained for vowels /ɛ/ and /ʊ/ in first position after exposure, presumably due to shorter SOA thresholds ( Bonferroni-adjusted p < .05). Performance also decreased for /a/ in first position for the shorter 40-ms vowel stimuli ( Bonferroni-adjusted p < .05). None of the 13 other task differences were significant, indicating very similar individual vowel accuracy patterns between the initial 70-ms, 40-ms, and retest 70-ms tests.
We also explored the aggregate vowel-pair response. First, we explored the effect of exposure, comparing the 70-ms testing in Experiments 1 and 2. We conducted a mixed-model ANOVA on the monaural data to investigate the effect of exposure (test vs. retest), vowel order, and vowel pair, with age group as the between-subjects variable. We observed main effects of vowel pair, F(5, 715) = 47.1, p < .001, and group, F(2, 142) = 4.5, p = .01. Vowel pair also significantly interacted with stimulus exposure, vowel order, and group ( p < .05). Analysis of the dichotic testing indicated results similar to those of monaural presentation for vowel pair, F(5, 715) = 14.0, p < .001, and group, F(2, 143) = 5.1, p = .01. Dichotic vowel pairs significantly interacted with vowel order ( p < .001). Second, we explored the effect of vowel duration, comparing the 70-ms and 40-ms tests in Experiment 2. Separate ANOVAs on monaural and dichotic data investigating the effect of vowel duration-along with vowel pair, vowel order, and age group factorsdemonstrated a significant main effect of duration only for the dichotic presentation, F(1, 143) = 9.3, p < .01. Significant interactions of duration with vowel pair and vowel order were obtained for both monaural and dichotic presentations ( p < .05). Note that in the above analyses, no main effects of vowel exposure were found, and duration was significant only for dichotic presentations. However, as significant interactions with these two variables were obtained, contrast analysis for vowel-pair identification and vowel order were conducted. In general, vowel-pair identification between the initial 70-ms test and the follow-up 40-ms and 70-ms retests was preserved. No consistent differences across vowel pairs differentiated performance across these tasks.
For the most part, the duration and exposure factors also did not influence vowel order performance. However, we observed slightly larger vowel order effects on the initial monaural 70-ms test as compared with the retest for the older listeners, particularly for /ɛ-a/ and /ɛ-I / vowel pairs. Therefore, the effect of vowel order may decrease with increased stimulus and task exposure.
Overall, vowel identification patterns were not substantially altered by using shorter 40-ms vowels or by increased exposure to the 70-ms vowels. Individual vowel identification only indicated some decreased dominance for /ɛ/ and /ʊ/ during the retest and for /a/ with 40-ms vowels. The results observed in Experiment 1 were largely preserved. Identification patterns for both vowels in the pair were also preserved for monaural and Fogerty et al. (2010) likely are a result of improvements in processing the temporal properties of the stimulus sequences and not the acoustic-phonetic properties.
General Discussion
Previous studies of temporally overlapping vowels have demonstrated that F 0 is an important cue for vowel segregation (Summerfield & Assmann, 1991) . However, temporal onset differences are also important (Hedrick & Madix, 2009 ). The present study eliminated F 0 differences as a possible cue. Instead, temporal asynchrony was used, particularly for older listeners, but performance was affected by several vowel and experimental variables. When temporal order performance was controlled across listeners, similar vowel identification patterns were observed across the life span. Analyses presented here indicate that the effects of vowel dominance and vowel order appear to be at least partially accounted for by differences in formant frequencies. Thus, the formant frequency distinctiveness at the onset and offset of certain vowels, and potentially throughout the vowel, is essential for identification accuracy. This is particularly true for temporally overlapping monaural presentations. Dynamic formants may provide essential cues that are typically not available in standard concurrent vowel experiments that use steady-state, synthesized vowels.
It appears that differences in age accounting for declining asynchronous vowel-pair identification may be primarily related to declining temporal processing abilities and not to abnormal vowel-pair identification. Older listeners appear to be able to accurately extract distinctive formant information, in the same manner of their younger counterparts. However, the performance of older listeners is strongly affected by the temporal relations of vowel sequences. As listeners age, they appear to need more time between vowels to either identify the temporal order or to extract important spectral information for vowel identity and order.
In addition, vowel duration and stimulus familiarity, overall, did not influence vowel identification patterns. The improved temporal order performance on these additional tasks, indexed by shorter SOA thresholds, is therefore a result of improved temporal processing of the vowel sequence. Older adults appear to successfully process the acoustic-phonetic information of these rapid vowel sequences and are limited most by their temporal processing abilities. In the present study, only four vowels, spoken by one talker and presented at relatively high presentation levels, were investigated. Although this may limit possible generalizations, the large volume of data obtained across the life span suggest such inferences in relation to general age-related processes.
Summary and Conclusions
Vowel identification patterns of monaural and dichotic vowel pairs for young, middle-aged, and older adult listeners were investigated in the present study. Vowel patterns were investigated when all listeners were equated for performance by varying the vowel onset asynchrony. In addition, the construction of these stimuli dictated that vowel asynchrony was the primary cue available to segregate these vowels. The primary results are summarized below.
1. Vowel dominance was observed regardless of order.
For all but one of the 24 monaural and dichotic vowel pairs tested, /a/ was the most dominant.
2. Vowel pairs were identified with different accuracy, but similar patterns occurred across different age groups. Significant differences between monaural and dichotic tasks were noted. In particular, vowel pairs containing /I / were identified more accurately during monaural presentations.
